Background: early postnatal growth retardation with subsequent catch-up growth is common in preterm infants. We describe a model of ex utero (postnatal) growth retardation followed by varying degrees of catch-up growth in the neonatal rat. Methods: Newborn cD rat pups were randomized to litters of 10 (NN, normal then normal intake) or 16 (R, restricted intake). On day 10, R pups were further randomized to litters of 6 (Rc, restricted then catch-up intake), 10 (RN, restricted then normal intake), or 16 (RR, restricted then restricted intake). Body weight, body composition, insulin sensitivity, biochemistry, and learning (passive avoidance test) were assessed. results: Growth was significantly lower in the R than the NN group. subsequently, the Rc group caught up with the NN group but had higher fat mass; the RN group showed partial catch-up but body composition similar to that of the NN group. Insulin sensitivity did not differ between groups. Learning behavior was significantly better in the NN than the three R groups, and in the Rc group than the RR or RN groups. conclusion: early postnatal growth retardation is associated with poorer medium-term growth and poorer developmental outcome. Increased catch-up growth is associated with improved developmental outcome but with increased body adiposity, without any significant effect on glucose homeostasis. P ostnatal growth failure is common in preterm infants (1,2). As a group, preterm infants are born near the mean for in utero (fetal) growth but lose weight initially and then grow more slowly than the in utero rate (1). In one study, weight z-scores of preterm infants (<30 wk gestation) fell by 1.14 between birth and hospital discharge (2). More immature infants do even more poorly, with those born at 24-29 wk gestation being 60-70% of their expected weight by discharge (1). After hospital discharge, there is a variable amount of catch-up growth, but overall, preterm infants remain smaller than their term peers (3) and more than half remain below the 10th percentile of weight for age at 18-22 mo of age (4).
P
ostnatal growth failure is common in preterm infants (1, 2) . As a group, preterm infants are born near the mean for in utero (fetal) growth but lose weight initially and then grow more slowly than the in utero rate (1) . In one study, weight z-scores of preterm infants (<30 wk gestation) fell by 1.14 between birth and hospital discharge (2) . More immature infants do even more poorly, with those born at 24-29 wk gestation being 60-70% of their expected weight by discharge (1) . After hospital discharge, there is a variable amount of catch-up growth, but overall, preterm infants remain smaller than their term peers (3) and more than half remain below the 10th percentile of weight for age at 18-22 mo of age (4) .
Early growth failure in preterm infants is known to have significant long-term effects. At 18-22 mo, preterm infants with the lowest rates of in-hospital weight gain are at the highest risk for Bayley's psychomotor development index and motor development index scores less than 70, as well as for cerebral palsy, neurodevelopmental impairment, and readmission to hospital (4) . Subsequent catch-up in head circumference is associated with improved long-term neurodevelopmental outcome (5) , but the effect of subsequent weight catch-up is less clear. In one study on very low birth weight (VLBW) infants, failure for weight to catch up by 2 y of age was associated with poorer neurodevelopment (6) .
The growth pattern of preterm infants (underweight at term, with variable degrees of catch-up) is superficially similar to that of the intrauterine growth-retarded fetuses and has raised the concern that catch-up growth may put them at increased risk of metabolic syndrome, as is known to occur in intrauterine growth-retarded fetuses (7) . However, there are a number of important differences; in intrauterine growth-retarded fetuses, the nutritional insult and poor growth occur prenatally, when carbohydrate is the dominant metabolic fuel; in the preterm infants, the insult occurs postnatally, when fat is a more important substrate. Furthermore, catch-up growth in intrauterine growth-retarded fetuses leads to overweight, whereas weight typically remains below average in the preterm infant despite catch-up growth. There is little evidence that catch-up growth in preterm infants increases their risk of metabolic syndrome or reduces insulin sensitivity, although there are some data suggesting that less weight loss during the first 2 wk of life may increase measures of insulin resistance in adolescents born preterm (8) .
Because prenatal and postnatal nutritional insults may not be comparable, it is unclear how current animal models of in utero growth retardation apply to the ex utero growth retardation of human preterm infants. The objectives of this study were to establish a rodent model of early postnatal growth retardation, occurring at an age equivalent to the third trimester for human preterm infants, followed by varying degrees of postnatal catch-up growth, and to examine the effect of these different growth patterns on body size, body composition, developmental outcome, and biochemical measures of glucose On day 2, animals were randomized among 7 litters of 10 pups each (5 male and 5 female, normal intake (N)) and 14 litters of 16 pups each (8 male and 8 female, restricted intake (R)). The R group was slightly, but significantly, heavier than the N group at randomization; however, the N group was significantly heavier at every other time point (Figure 1) . By day 10, the R group pups weighed ~20% less than the N group pups.
On day 10, N pups continued in litters of 10 each (NN, normal then normal intake, n = 4 litters), but animals from the R group were rerandomized to litters of 6 (RC, restricted then catch-up intake, n = 5 litters), 10 pups per litter (RN, restricted then normal intake, n = 4 litters), or 16 pups per litter (RR, restricted then restricted intake, n = 4 litters). By chance, there were small but statistically significant differences in the RC, RN, and RR groups on day 10. By day 16, the RC group had caught up with the NN group, and the weights of the two groups were statistically indistinguishable; the RR group showed no catchup growth, and the RN group showed partial catch-up growth. Between days 16 and 22, the four groups ran parallel to each other, and there was no further catch-up growth (Figure 1) .
On day 22, pups from the RR group weighed 20% less than the NN pups; the RN group pups weighed 10% less than the NN group pups; and the NN and RC groups were statistically indistinguishable.
Body Composition
On day 22, NN animals consisted of 70.9% water (SD: 0.98), 18.5% protein (SD: 0.47), 7.7% fat (SD: 1.07), and 2.9% ash (SD: 0.05). RR animals had significantly higher body water and significantly lower fat than the NN animals (Figure 2) . By contrast, RC animals had significantly lower total body water, significantly lower protein mass, and significantly higher fat mass than the NN animals. There were no differences in body composition between the NN and RN animals.
Biochemical Analyses
On day 10, whole-blood glucose was significantly lower in the R animals than in the N animals (121 ± 14 vs. 136 ± 18 mg/dl; P < 0.001).
On day 22, fasting blood glucose was unaffected by group or by gender (P = 0.14) even when current weight was accounted for (P = 0.21; Table 1 ). Serum insulin, homeostatic model assessment-insulin resistance, and quantitative insulin sensitivity check index were not significantly different among the groups on day 22 ( Table 1) .
Serum insulin-like growth factor-1 (IGF-1) was significantly (P = 0.0308) affected by group when gender was accounted for ( Table 2 , Model 1). However, when current weight was also accounted for ( Table 2 , Model 2), group had no effect on IGF-1 (P = 0.51), although weight was highly significant (P < 0.001). Serum leptin was significantly different among the groups whether (Model 1, P = 0.003) or not (Model 2, P < 0.0001) weight was accounted for, and serum leptin in the RC group was significantly higher than that in any other groups Articles Jou et al.
( Figure 3 ). Serum adiponectin was not significantly different among groups, but it was greater in females than in males (P < 0.0001).
Passive Avoidance: Habituation N animals (for which early nutrition was normal (NN)) were more active than R animals (for which early nutrition was poor (RC, RR, or RN)), as evident from the significantly different incidences of timing out on day 20. Only 5% of the N pups timed out as compared with 23.9% of the R pups (P = 0.0033; Figure 4 ). The incidence of timing out on day 20 also differed significantly among the three R groups, with RN pups timing out significantly less often (12.5%) than the RR (25.0%; P = 0.0378) or RC pups (36.7%; P = 0.0350). Weight was significantly positively associated with IGF-1 (P < 0.0001), and the group effect was not significant (P = 0.51). On day 21, a similar number of N and R pups timed out by 60 s, whether (P = 0.34) or not (P = 0.17) the presence of timing out on day 20 was accounted for. However, among the three R groups, RC pups were less likely to time out than RR (P = 0.0121) or RN (P = 0.0942) pups, although the last comparison was not statistically significant.
When timing out on day 21 was defined as a time >120 s, the data were little changed. Neither early diet group (N vs. R; P = 0.56) nor gender (P = 0.36) was significant. However, among the R groups, there was a nonsignificant trend for the RC group to be less likely to time-out than the RR (P = 0.0633) or RN (P = 0.0704) groups. This is consistent with the data using a cutoff of 60 s for "timing out" as described above.
DISCUSSION
Growth retardation in preterm infants is a predominantly postnatal event, so we aimed to develop a postnatal model of growth retardation in neonatal rats, using adjustments in litter size. Our results show that this is a simple, effective, and reproducible method of experimentally manipulating growth in rat pups. The pups and dams tolerated the manipulations well. In all cases, the cross-fostered pups were accepted by dams, and no pups were lost during the two periods of cross-fostering. This model differs from many existing models that have utilized prenatal interventions, or a combination of pre-and postnatal interventions. Few studies have compared the effects of prenatal and postnatal interventions, but those that have show that the two interventions are not equivalent. One study compared the effect of reduced maternal protein intake during pregnancy or during lactation (9,10). Somatic growth was affected by the postnatal (lactation) intervention but not by the prenatal (pregnancy) intervention, whereas insulin sensitivity was affected by the prenatal but not the postnatal intervention (10) .
Previous studies have demonstrated that manipulations in litter size are well tolerated by CD rats (11) . They can lead to sustained changes in growth (11, 12) and in activation of the sympathetic nervous system (11), and, in some cases, changes in fasting insulin levels (12) . In our model, early growth retardation (up to postnatal day 10) led to reduced somatic growth (by 20%) and lower blood glucose. We were also able to identify significant differences in learning behavior from early growth retardation. Latency to enter the dark chamber of the passive avoidance apparatus was significantly greater in the growth-retarded animals on both the habituation and the testing day.
During the second intervention period, growth-retarded animals were randomized to one of three different litter sizes. The RC group showed rapid catch-up growth. Their growth was indistinguishable from that of the NN group by day 16, and the two groups had almost identical growth thereafter. Although the NN and RC groups had similar body mass by the end of the study, their body composition was very different. The NN group had significantly lower body fat and significantly higher protein content. By contrast, the RN and NN groups had similar body composition despite their significant difference in body mass.
Not only did the RC group have a higher percentage of body fat, its serum leptin concentration was significantly greater than those of the other three groups even when body mass was accounted for. There were, however, no differences in IGF-1 (despite the between-group differences in lean mass) or in serum adiponectin levels. Previous rodent studies in which litter size has been manipulated have suggested that the effect on insulin, adiponectin, and leptin may vary depending on the time of assessment and on the postweaning diet (12) . We were able to identify the effects of early growth retardation on serum IGF-1 and serum leptin and demonstrate that these changes were modifiable depending on the amount of subsequent catch-up growth. It is unclear how this relates to the preterm infant as long-term data on adiponectin, leptin, and IGF-1 are relatively limited. In one study, preterm infants had lower serum leptin than term infants (13) at 40 wk of corrected age but not when body weight was accounted for. This is consistent with our results showing no between-group differences in serum adiponectin. However, comparison between our rodent data and existing human data is difficult, as the human data are often measured at birth or in early postnatal life, and typically do not assess the effects of catch-up growth on the biochemical outcomes.
Despite the differences in body mass, and in body composition, there were no significant differences in the measures of glucose homeostasis or insulin sensitivity/resistance (blood glucose, serum insulin, homeostatic model assessment-insulin resistance, homeostatic model assessment-β, and quantitative insulin sensitivity check index) among the groups. This is in agreement with the rodent data of Zambrago et al. (10) , who showed that although prenatal nutritional interventions significantly affected Articles Jou et al.
insulin sensitivity, postnatal nutrient restriction did not, despite significant effects on somatic growth. In our study, all four groups showed learning during the passive avoidance testing, but once differences in the habituation day were accounted for, the RC group showed more learned avoidance of the dark chamber than the RR or RN groups. Although the number of litters involved in the study was relatively small, and could confound the data, this finding would be consistent with human data (more normal growth rates in preterm infants being associated with better developmental outcome), and other rodent studies that have shown that early nutritional changes can have significant effects on brain structure (14) and on neurodevelopment or behavior (15) .
There are several limitations to our study. It remains to be elucidated whether these differences in growth and body composition persist into later life, whether more sophisticated tests of insulin sensitivity will detect differences between the groups, and whether more detailed assessments of cognitive function, learning, and explorative behavior would confirm our findings. The relevance of animal data to humans is never certain, not least when considering preterm infants. Early effects of prematurity on metabolic risk and neurodevelopment in human preterm infants are likely modified by subsequent events that may either reduce the risk of adverse outcomes or increase it further. Moreover, we are not able to be certain that the betweenlitter differences are due to differences in nutrient intake or growth, as changes in litter sizes may have altered other factors (e.g., stress level of the pups or dam-pup interactions). Despite these limitations, we believe that this model is a promising way to study the effects of postnatal growth retardation and subsequent catch-up growth on growth, body composition, development, and insulin sensitivity. Moreover, this information may be relevant to the preterm human infant.
MetHODS

Animal Methods
Pregnant CD rats (gestational day 14) were obtained from Charles River (Wilmington, MA). Rats were housed in plastic cages under constant conditions (temperature: 22 °C; humidity: 65%) with a 12-h dark:light cycle and were allowed to feed ad libitum. After a 7-d acclimatization period, litters were delivered and remained with the dam for 24 h. On postnatal day 2, pups were randomly distributed among 7 litters of 10 pups each (N, normal intake) or 14 litters of 16 pups each (R, restricted intake). On postnatal day 10, pups in the R group were randomly distributed among 5 litters of 6 pups each (RC, restricted then catch-up intake), 4 litters of 10 pups each (RN, restricted then normal intake), or 4 litters of 16 pups each (RR, restricted then restricted intake, n = 3 litters). N pups continued in litters of 10 each (NN, normal then normal intake, n = 5 litters). Equal numbers of male and female pups were included in all the litters. Twenty N pups and 16 R pups were killed on day 10.
Pups were weighed on postnatal days 2, 5, 7, 10, 13, 16, 20, and 22. Passive avoidance testing was performed on postnatal days 20 and 21 (see below). Pups were killed on day 22, and tissues (including blood) were collected from half of the pups, whereas the remaining pups were stored at −20 °C pending whole-carcass body composition measurements.
The study was conducted under the auspices of Animal Resource Services of the University of California-Davis, which is accredited by the American Association for the Accreditation of Laboratory Animal Care. The University of California-Davis Institutional Animal Care and Use Committee approved the protocol.
Timing of Nutritional Interventions
Rats are more immature at birth than most other eutherian mammals (including humans). The dietary initial intervention in our study was carried out between birth and 10 d of postnatal age. This period is believed to be equivalent to third trimester in humans (16) , although most recent systematic comparisons suggest that in terms of cerebral development, it is more likely representative of the early part of the third trimester (17) . In either case, the early intervention is broadly equivalent to the period when reduced intake and poor growth are common in prematurely delivered human infants. 
Biochemical Analysis
Passive Avoidance
Passive avoidance testing was carried out in all animals using an apparatus consisting of two Perspex boxes (30 cm × 20 cm × 20 cm) separated by a removable door. One of the boxes was black and wrapped in a lightproof cover (dark chamber), and the other was white and open to the light (light chamber). The chambers were separated by an opening with a removal door. The floor of the dark chamber was composed of a metal grid through which a small electrical charge could be passed. Testing was carried out over 2 d: a training (habituation) day and a testing (learning) day (19) .
Habituation. On day 20, pups (n = 30-48 per group) were removed from their litter and placed at the center of the light chamber facing away from the door dividing the two chambers. After 30 s, the divider between the chambers was removed, and the time taken for the rat to enter the dark chamber was recorded (i.e., once all four paws had touched the floor of the dark chamber). The removable door was replaced, separating the light and dark chambers. Thirty seconds later, a small electrical charge was applied to the floor of the cage for 2 s. Ten seconds later, the rat was removed from the apparatus. If the rat did not enter the dark chamber within 60 s, it was counted as having "timed out, " and was picked up and placed in the dark chamber with the divider in place. Thirty seconds later, the shock was applied and the rat removed. The floor of the light and dark chambers was wiped clean with 5% bleach between each animal.
Testing. A similar procedure was carried out on the following day (day 21), except the subject was allowed 120 s to enter the dark chamber. No electrical shocks were applied on the second day.
Basis of the Test. Passive avoidance is a measure of learned avoidance. Rats are nocturnal and prefer the dark chamber. However, if they recall the painful stimulus associated with entering the dark chamber on day 20, they would be expected to be less likely to enter it on day 21. An increased time to enter the dark chamber, or an increased likelihood of "timing out, " between days 20 and 21, are taken as measures of learning.
Body Composition
One-third of animals had body composition assessed (NN = 10, RR = 16, RN = 10, and RC = 8) on day 22. Equal numbers of males and females were assessed, and representatives of all litters were included.
Body composition was assessed by carcass analysis. Water weight was calculated from change in weight before and after freeze-drying, fat
